All relevant data are within the paper.

Introduction {#sec001}
============

Soil respiration is the second largest carbon (C) flux between terrestrial ecosystems and the atmosphere in the global C cycle \[[@pone.0147987.ref001],[@pone.0147987.ref002]\], and plays an important role in regulating the soil carbon pool and ecosystem C-cycling \[[@pone.0147987.ref003],[@pone.0147987.ref004]\]. Soil respiration is the dominant influence on the carbon dioxide (CO~2~) released from the soil surface, generated mainly from a combination of the metabolic activity of roots and microorganisms \[[@pone.0147987.ref005]\]. Many studies were conducted to examine the effect of climate change factors on soil respiration, such as increasing temperature \[[@pone.0147987.ref006]\] and atmospheric CO~2~ concentration \[[@pone.0147987.ref007]\], and changes in precipitation patterns \[[@pone.0147987.ref008]\]. Land management changes are the most dominant component of global climate change in terms of their impacts on terrestrial ecosystems \[[@pone.0147987.ref009],[@pone.0147987.ref010]\], as they profoundly alter land cover \[[@pone.0147987.ref011], [@pone.0147987.ref012]\] and biogeochemical cycles \[[@pone.0147987.ref013],[@pone.0147987.ref014],[@pone.0147987.ref015]\]. Numerous studies show that changes in land management alter soil respiration, but the sign and magnitude of land management effects on soil respiration are highly uncertain \[[@pone.0147987.ref010], [@pone.0147987.ref011], [@pone.0147987.ref016], [@pone.0147987.ref017]\].

Grazing and mowing are two major grassland management practices used in the semiarid temperate steppe region of northern China, while the enclosure of grassland is widely used in the region for grassland rehabilitation and to increase grass yields for hay cuts. These management measures have been shown to change soil respiration by different mechanisms \[[@pone.0147987.ref005], [@pone.0147987.ref010]\]. Livestock preference for different species of forage and trampling of soil and deposition of dung and urine alter the plant community structure \[[@pone.0147987.ref018]\] and production \[[@pone.0147987.ref012]\], as well as the size and composition of carbon and nutrient pools \[[@pone.0147987.ref019]\], soil microorganism communities, and physical and chemical properties of soil \[[@pone.0147987.ref020]\]. All of these factors have some influence on soil respiration. Long-term livestock grazing, especially overgrazing, is one of the major causes of soil and vegetation degradation in grassland environments \[[@pone.0147987.ref012], [@pone.0147987.ref018]\], which potentially affects soil respiration by indirectly altering vegetation and soil physicochemical properties \[[@pone.0147987.ref019], [@pone.0147987.ref020]\]. Grazing was shown to decrease the annual soil respiration by 33% in an alpine meadow on the Tibetan Plateau \[[@pone.0147987.ref010]\], but grazing increased soil respiration in a shortgrass steppe in Colorado \[[@pone.0147987.ref017]\]. Clipping has the potential to considerably change soil respiration because it alters the microclimate. The amount of aboveground litter is low under clipping, which breaks down the inherent cycling between aboveground and belowground plant organs, and simulates root growth through the removal of aboveground plant biomass \[[@pone.0147987.ref021]\]. Varying results have been shown in previous studies into the effect of clipping on soil respiration: decrease \[[@pone.0147987.ref022]\], little change \[[@pone.0147987.ref023]\] or no change \[[@pone.0147987.ref024]\]. Enclosure, as a method of restoring grassland, has a major effect on soil respiration because it changes plant diversity, community structure and productivity by excluding livestock \[[@pone.0147987.ref001]\], more carbon and nutrients are retained in aboveground plant material. The differences among these researches partially arise from the lack of mechanistic understanding of the feedback of soil respiration to land management. Therefore, further research is needed to investigate the mechanisms behind the influence of land management on the terrestrial C cycle.

Grasslands cover approximately 40% of the global terrestrial ice-free surface, with the Eurasian grassland ecosystems in the semiarid temperate regions being the largest. Grasslands occupy 400m ha of the land surface in China \[[@pone.0147987.ref025]\]. Grasslands are sensitive to land management practices that alter C and N inventories \[[@pone.0147987.ref007], [@pone.0147987.ref023]\]. Changes in the net C balance of grassland ecosystems may therefore have significant implications for regional and global C balance. However, their contribution to local and regional soil respiration is still unclear under different land management. To address this knowledge gap, a three-year field experiment was conducted to examine the potential impacts of different land management practices (grazing, clipping and ungrazed enclosures) on soil respiration in a semiarid temperate steppe in northern China. Under changes of climate and precipitation patterns, the effects of land management on seasonal and interannual soil respiration may interact with the precipitation, which fluctuates across years in semiarid temperate grasslands \[[@pone.0147987.ref002]\]. The objective of current study was to understand 1) the causal relations and pathways of the effects of grazing and clipping on soil respiration; and 2) the interactive effects of climate (temperature and precipitation) and land management (grazing, clipping and enclosure) changes on soil respiration, and their relations with plant production.

Material and Methods {#sec002}
====================

Study site {#sec003}
----------

The experiment was conducted at the Inner Mongolia Grassland Ecosystem Research Station (IMGERS), located in the Xilin River Basin (Site I-III: 43°30′-44°19′,116°12′-116°72′), Inner Mongolia, P. R. China, which was a typical steppe zone with a semiarid continental temperate steppe climate ([Fig 1](#pone.0147987.g001){ref-type="fig"}).

![Location of the study area and experimental sites.](pone.0147987.g001){#pone.0147987.g001}

The mean annual air temperature is 0.4°C with the lowest mean monthly temperature occurring in January (−21.4°C) and the highest mean monthly temperature in July (18.0°C). The region is dry in spring and humid in summer with a long-term mean annual precipitation (MAP) of 278.7 mm (1953--2009) and with more than 70% of rainfall occurring from May to August. The soils are classified as Calcic Chernozems (IUSS Working Group WRB 2006) \[[@pone.0147987.ref026]\] or loamy sand based on texture, with similar physiochemical properties \[[@pone.0147987.ref027]\]. Typical steppe vegetation at the site is dominated by the C~3~ grasses *Leymus chinensis*(Trin.) Tszvelev, *Stipa grandis* Griseb., and C~4~ grasses C*leistogenes polyphylla* Keng., and semi-shrub *Artemisia frigida* Willd.

Experimental design {#sec004}
-------------------

The experimental design consisted of three land management practices: grazed (G), clipping (C), and enclosure (E) at three typical steppe sites (Sites I--III). The total number of plots was nine and the area of each plot was 4.5 ha. Free-range seasonal grazing was adopted in the study area from 1950--1979, but the sheep population then increased dramatically from 1979 in the semiarid temperate grassland when land reform was implemented along with the household responsibility system in China. The grazing study site has been grazed since 1979 and is dominated by *Stipa grandis*, *Artemisia frigida* and *Cleistogenes polyphylla*. The plants in the clipping plot have been clipped twice each year (early May and late August) since 1998 (no grazing). This study site was dominated by *Leymus chinensis* and *Stipa grandis*. The ungrazed enclosures were established relatively recently, 10 years ago, at the three study sites on grassland that had previously been moderately grazed and had maintained primary production, biodiversity and habitat structure. The dominant species in the enclosures were *Leymus chinensis* and *Stipa grandis*. The nine plots were located in a relatively small area with similar climate conditions, such as air temperature and precipitation.

Field measurement {#sec005}
-----------------

Soil respiration was measured twice each month, from late May to early October, using a Li-Cor 8100 IRGA (Li-Cor, Lincoln, NE, USA). PVC collars (11 cm in diameter and 5 cm in height) were permanently inserted 2--3 cm into the soil to measure soil respiration at each plot. Every plot had 5 PVC collars. Living plants inside the soil collars were removed at the soil surface before we measured the soil respiration to eliminate aboveground plant respiration. The soil respiration chamber was placed on the PVC collars, scrubbing the CO~2~ to ambient levels, and determining soil CO~2~ efflux over a short period. The Li-Cor 8100 automatically recorded the data at 5-s intervals. Each measurement took approximately 3 min to complete. The bi-monthly soil respiration measurements (the diurnal rate of soil respiration) were recorded (2-h intervals) on clear, sunny days from 2010 to 2012. The soil temperature and soil water content were also determined with the soil respiration rate. The soil temperature measurement was made at a depth of 10 cm, adjacent to each PVC collar by a thermocouple probe connected to the Li-8100, while soil gravimetric water content was determined monthly from May to October by sampling soil from 0--10 cm, using a soil core 3.5 cm in diameter. Ten soil cores were extracted at each plot. The weight loss, after drying at 105°C for 24 h, was used to calculate soil moisture.

Aboveground net primary production (ANPP) was determined in August 2010--2012 by harvesting ten 1-m^2^ quadrats inside an enclosure plot. For the other two land managements, ten 1-m^2^ quadrats were harvested in 10 portable cages (1.5 m × 1.5 m) that were established in each clipped (before early May) and grazing (before grazing began) plot in the spring. All aboveground plant materials were cut to the ground surface (including living aboveground biomass, standing litter, and ground litter) in the quadrat (1 m × 1 m). We separated plant aboveground tissue (living aboveground biomass and standing litter) from standing litter of the previous year and ground litter, and into different species. Ten 1-m^2^ quadrats were harvested in every plot (sampling locations were spaced approximately 20 m apart) for a total of 90 in nine plots. Harvested biomass was oven-dried at 65°C for 48 h and then weighed. ANPP was calculated as the sum of aboveground biomass for all plant species.

Belowground net primary production (BNPP) was measured in each plot using the ingrowth core method \[[@pone.0147987.ref028]\]. Ten 50-cm-deep cylindrical holes were excavated using a soil auger (7 cm in diameter) at the same sites from which ANPP was obtained in each experimental plot in early May from 2010 to 2012. Ten root meshes (1 mm) were set in each plot (sampling locations were spaced approximately 20 m apart) by transect, with a total of 90 in nine plots. Root mesh cores (7 cm in diameter and 50 cm in length) were placed into each hole. The soil was then returned to its original hole with the root meshes after removing root material greater than 2 mm using sieves. In late October, we collected the root growth samples by taking out the root mesh from each hole. The dry root mass was oven dried at 65°C for 48 h and weighed.

Data analysis {#sec006}
-------------

Repeated-measures analysis of variances (RMANOVAs) was used to examine the interannual variability of soil temperature, soil water content, ANPP, BNPP and soil respiration over the growing season based on land management practices for 2010--2012. One-way ANOVA was used to examine the statistical difference in seasonal averages for soil temperature, soil gravimetric water content, ANPP and BNPP between land managements. Structural equation models (SEMs) were used to analyses hypotheses that may explain the pathways responsible for the effects of land management on soil respiration influenced by soil temperature, soil gravimetric water content, ANPP and BNPP \[[@pone.0147987.ref029]\]. Regression, including the correction and stepwise multiple linear analyses, was used to examine the relationships of soil respiration with soil temperature, soil gravimetric water content, ANPP and BNPP. All statistical analyses were conducted with SAS software (SAS Institute Inc., 2010, Cary, NC, USA).

Results {#sec007}
=======

Soil microclimate {#sec008}
-----------------

The annual precipitation in 2010 (276.9 mm) was close to the long-term average (278.7 mm), lower in 2011 (226.7 mm) and considerably higher in 2012 (511.7 mm, [Fig 2](#pone.0147987.g002){ref-type="fig"}). Soil temperature was the highest under enclosure comparing to grazing or clipping treatments (*P*\<0.001, repeated ANOVA, [Table 1](#pone.0147987.t001){ref-type="table"}). The gravimetric water content varied significantly (*P*\< 0.001) by year with values highest in 2012 and lowest in 2011 ([Table 1](#pone.0147987.t001){ref-type="table"}).

![Monthly precipitation (bars) and monthly mean air temperature (line) for 2010--2012.](pone.0147987.g002){#pone.0147987.g002}
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###### Response of soil temperature during the plant growing season (T), soil gravimetric water content (SW), aboveground primary productivity (ANPP), belowground primary productivity (BNPP) and soil respiration (Rs) to grassland management practices over 3 years in the semiarid grassland.

![](pone.0147987.t001){#pone.0147987.t001g}

                               T          SW         ANPP       BNPP       Rs
  ----------- ---------------- ---------- ---------- ---------- ---------- ----------
  Treatment   Grazing          11.14B     10.63B     243.33B    1095C      1.65B
              Clipping         10.54C     11.03B     251.93B    1294B      2.06A
              Enclosure        12.14A     12.05A     300.27A    1343A      2.17A
  Year        2010             10.94B     10.69B     273.88B    1045B      1.89B
              2011             11.82A     9.00C      196.76C    991C       1.42C
              2012             11.05B     14.02A     324.90A    1697A      2.57A
  ANOVA                                              *P* \> F              
              Treatment        \< .0001   \< .0001   \< .0001   \< .0001   \< .0001
              Year             \< .0001   \< .0001   \< .0001   \< .0001   \< .0001
              Treatment×Year   \< .0001   0.002      0.484      \< .0001   0.119

The effect of grazing, clipping, and enclosure on plant community productivity {#sec009}
------------------------------------------------------------------------------

ANPP was 19.0% and 16.1% less in grazing and clipping treatments, respectively, relative to that of the enclosure treatment (*P* \< 0.05, [Table 1](#pone.0147987.t001){ref-type="table"}). The ANPP was the highest under the enclosure treatment in every year (*P*\< 0.05, [Fig 3](#pone.0147987.g003){ref-type="fig"}). The BNPP was significantly different (*P*\< 0.001) between the treatments over the 3 years: enclosure (1343 g.m^-2^) \> clipping (1294 g.m^-2^) \> grazing (1095 g.m^-2^) ([Table 1](#pone.0147987.t001){ref-type="table"}). In addition, the BNPP was greatest under the enclosure in both 2010 and 2011 (*P*\< 0.05, [Fig 3](#pone.0147987.g003){ref-type="fig"}), but under clipping in 2012 ([Fig 3](#pone.0147987.g003){ref-type="fig"}).

![Effects of grazing, clipping, and enclosure on aboveground net primary productivity (ANPP) and belowground net primary productivity (BNPP) 2010--2012 (inset mean ± SE).](pone.0147987.g003){#pone.0147987.g003}

The effect of grazing, clipping, and enclosure on soil respiration {#sec010}
------------------------------------------------------------------

A significant diurnal difference was detected on soil temperature and soil respiration (time effect, *P* \< 0.001) as shown by data from August each year ([Fig 4A--4F](#pone.0147987.g004){ref-type="fig"}). The peak temperatures occurred between 14:00 and 17:00 in the different land managements, while soil respiration reached a maximum at 12:00--15:00 ([Fig 4A--4F](#pone.0147987.g004){ref-type="fig"}).

![Diurnal variations in soil temperature (a, c, e) and soil respiration (b, d, f) under grazing, clipping, and enclosure on August 6--7, 2010, 2011 and 2012 (inset mean ± SE).](pone.0147987.g004){#pone.0147987.g004}

A significant difference in soil respiration rates was detected among grazing, clipping, and enclosures over the 3 years (*P* \< 0.001, [Table 1](#pone.0147987.t001){ref-type="table"}). Compared with the ungrazed enclosure, soil respiration was significantly reduced by grazing (*P*\< 0.001, [Table 1](#pone.0147987.t001){ref-type="table"}). The soil respiration was highest under the enclosure in both 2010 (2.22 μmol. m^−2^.s^−1^, [Fig 5G](#pone.0147987.g005){ref-type="fig"}) and in 2011 (1.69 μmol. m^−2^.s^−1^, [Fig 4H](#pone.0147987.g004){ref-type="fig"}), but highest in the clipping treatment for 2012 (2.78 μmol. m^−2^.s^−1^, [Fig 5I](#pone.0147987.g005){ref-type="fig"}).

![Seasonal dynamics and mean (inset mean ± SE) of soil temperature (a, b, c), soil gravimetric water content (d, e, f), and soil respiration (g, h, i) for 2010--2012.\
G: grazing, C: clipping, E: enclosure.](pone.0147987.g005){#pone.0147987.g005}

The effect of biotic and abiotic factors on soil respiration {#sec011}
------------------------------------------------------------

SEMs adequately fitted the data, with interactive networks of environmental factors and production regulating soil respiration ([Fig 6](#pone.0147987.g006){ref-type="fig"}). Soil water content (*P*\< 0.001), ANPP (*P*\< 0.01) and BNPP (*P*\< 0.05) regulate soil respiration, and soil water content is the most important contributing factor determining the change in soil respiration ([Fig 6](#pone.0147987.g006){ref-type="fig"}). Soil respiration increased linearly with increasing soil water content and BNPP ([Fig 7B and 7D](#pone.0147987.g007){ref-type="fig"}). BNPP alone explained 68.9% of the seasonal variation in soil respiration based on stepwise multiple regression analyses.

![Path analysis on the impacts of land management changes on soil respiration through affecting abiotic and biotic factors.\
Solid and dashed arrows represent significant (*P*\< 0.05, marked \*; *P*\< 0.01, marked \*\*; *P* \< 0.001, marked \*\*\* in the figure) and non-significant (*P*\> 0.05) paths. Values associated with arrows represent standardized path coefficients. T~air~: soil temperature; W~soil~: soil water content; ANPP: aboveground net primary production; BNPP: belowground net primary production; R~s~: soil respiration.](pone.0147987.g006){#pone.0147987.g006}

![Temporal dependence of soil respiration on soil temperature (a), soil water content (b), ANPP (c) and BNPP (d) across the three growing seasons.](pone.0147987.g007){#pone.0147987.g007}

Across the nine plots, seasonal mean soil respiration displayed a positive linear correlation with soil temperature in 10cm soil layer (*P* = 0.041, [Fig 8A](#pone.0147987.g008){ref-type="fig"}) and BNPP (*P* = 0.006, [Fig 8D](#pone.0147987.g008){ref-type="fig"}) in 2010. Stepwise multiple regression analyses demonstrated that 68.8% of the variation in soil respiration could be attributed to BNPP (*P* = 0.006) in 2010. In 2011, seasonal mean soil respiration displayed a positive linear dependence on 0--10 cm soil gravimetric water content (*P* = 0.006, [Fig 8B](#pone.0147987.g008){ref-type="fig"}), ANPP (*P* = 0.004, [Fig 8C](#pone.0147987.g008){ref-type="fig"}) and BNPP (*P* = 0.006, [Fig 8D](#pone.0147987.g008){ref-type="fig"}). Stepwise multiple regression analyses demonstrated that ANPP contributed to 71.4% of the variation in soil respiration (*P* = 0.004). For the seasonal mean soil respiration in 2012, a positive linear relationship was detected between soil respiration and 0--10 cm soil gravimetric water content (*P* = 0.013), and between soil respiration and BNPP (*P* = 0.005, [Fig 8D](#pone.0147987.g008){ref-type="fig"}). BNPP alone was responsible for 69.9% (*P* = 0.005) of the variation in soil respiration.

![Spatial dependence of seasonal mean soil respiration on soil temperature (a), soil water content (b), ANPP (c), and BNPP (d), across nine plots for 2010--2012.](pone.0147987.g008){#pone.0147987.g008}

Across the three growing seasons, soil respiration decreased linearly with soil temperature in the clipped treatment (*P* = 0.008, [Fig 9A](#pone.0147987.g009){ref-type="fig"}). Soil respiration increased linearly with increasing soil water content in all the grazed (*P*\< 0.001), clipping (*P*\< 0.001), and enclosure (*P* = 0.003) plots ([Fig 9B](#pone.0147987.g009){ref-type="fig"}). Similar to soil water content, soil respiration increased linearly with increasing ANPP because of enclosure (*P*\< 0.001), clipping (*P* = 0.002) and grazing (*P* = 0.008) ([Fig 9C](#pone.0147987.g009){ref-type="fig"}). Soil respiration increased linearly with BNPP for grazing and clipping, with a steeper slope of regression for grazing (*P*\< 0.001) than clipping (*P* = 0.012) ([Fig 9D](#pone.0147987.g009){ref-type="fig"}). BNPP alone explained 91.9% of the seasonal variation in soil respiration under grazing based on stepwise multiple regression analyses. Soil water content contributed 84.9% (*P*\< 0.001) of the spatial variation of clipping. Stepwise multiple regression analyses showed that ANPP (partial *R*^2^ = 92.0%, *P*\< 0.001) and soil temperature (partial *R*^2^ = 5.4%, *P* = 0.012) together accounted for 97.4% of the spatial variation in the enclosure treatment over the 3 years.

![Spatial dependence of seasonal mean soil respiration of grazing, clipping, and enclosure on 10-cm soil temperature (a), 0--10-cm soil water content (b), ANPP (c), and BNPP (d), across nine plots.](pone.0147987.g009){#pone.0147987.g009}

Discussion {#sec012}
==========

Soil respiration in semiarid temperate steppe {#sec013}
---------------------------------------------

Soil respiration is lower in the temperate steppe of northern China than that reported for alpine meadows \[[@pone.0147987.ref030]\], but similar to that in other semiarid ecosystems \[[@pone.0147987.ref008], [@pone.0147987.ref031], [@pone.0147987.ref032]\]. The diurnal variation of soil respiration is expected to be mainly affected by the diurnal change in soil temperature over the 3 years ([Fig 4A--4F](#pone.0147987.g004){ref-type="fig"}), which is in agreement with results from the Northern Great Plains of North America \[[@pone.0147987.ref016]\]. Though, the potential soil respiration rate on any day would be driven by the soil water content ([Fig 6](#pone.0147987.g006){ref-type="fig"}). The temporal dynamics of soil respiration followed the seasonal patterns of soil water content under all three land management practices in this experiment (higher in summer and lower in spring and autumn ([Fig 5D--5I](#pone.0147987.g005){ref-type="fig"}). High soil water content enhances plant growth. Plants allocate more C to belowground parts, as a survival strategy, to maximize their capacity to take up water and nutrients in water-limited ecosystems \[[@pone.0147987.ref033]\]; subsequently, it provides more C substrates for the activities and respiration of roots and microorganisms \[[@pone.0147987.ref004], [@pone.0147987.ref034]\], thus regulates soil respiration. The BNPP was significantly greater than ANPP indicating that plants were devoting more resources to roots. In this environment that would aid survival through nine cold months from autumn, through spring. SEMs were able to identify the soil water content as the predominant factor driving soil respiration in the studied ecosystems ([Fig 6](#pone.0147987.g006){ref-type="fig"}). This result is also supported by the positive linear correlations between soil respiration and soil water content at the temporal scale ([Fig 7](#pone.0147987.g007){ref-type="fig"}).

Effects of different land management practices on soil respiration {#sec014}
------------------------------------------------------------------

The grassland enclosure excluded the effects of animal grazing on plant production, resulting in a higher soil respiration rates. In addition, the higher soil respiration under enclosure protection, compared to that under grazing ([Table 1](#pone.0147987.t001){ref-type="table"}), might be attributed to the difference in species composition of plant communities, which influence soil respiration by altering the quality of detrital inputs into soil \[[@pone.0147987.ref035]\]. In our study, the grazing preference for dominant species (e.g. *Leymus chinensis*, with high nitrogen content) was related to the changes in plant communities \[[@pone.0147987.ref036], [@pone.0147987.ref037]\]. Livestock prefers to graze plant species of high nitrogen content, whereas species containing high nitrogen content is able to grow well in the enclosures. Therefore, high nitrogen (N) concentration in plant tissue resulted in high respiration rates because of the exclusion of the grazing effect \[[@pone.0147987.ref038], [@pone.0147987.ref039]\].

Relative to the enclosure, the reduction (31.5%) in soil respiration by grazing over the 3 years in this semiarid temperate grassland is consistent with reports from other grassland studies \[[@pone.0147987.ref005], [@pone.0147987.ref031]\]. Low soil respiration in grazing may be mainly due to low soil water content, leading to low ANPP and BNPP and a reduction in decomposition by microorganisms \[[@pone.0147987.ref010]\]. In addition, grazing-induced vegetation fragmentation is known to cause a reduction in soil respiration \[[@pone.0147987.ref040]\]. In semiarid environments, vegetation patches (especially the larger patches) provide favorable habitats for maintaining species richness, improving seedling establishment and increasing community productivity \[[@pone.0147987.ref041]\]. However, the break-up of vegetation patches into smaller units under grazing results in vegetation fragmentation. This process negatively affects plant reproduction \[[@pone.0147987.ref042]\] and increases the risk of plant species loss \[[@pone.0147987.ref043]\]. Vegetation fragmentation, the decrease of ANPP and BNPP under grazing, and the positive relationship between these factors and soil respiration ([Fig 9](#pone.0147987.g009){ref-type="fig"}), suggests a decrease in soil respiration under grazing.

Our finding that clipping causes no change in soil respiration ([Table 1](#pone.0147987.t001){ref-type="table"}) is inconsistent with the increase in soil respiration caused by increasing soil temperature in temperate mountain grassland reported in a previous study \[[@pone.0147987.ref011]\]. Our results could be explained by lower soil respiration in clipping than in enclosure in 2011 ([Fig 5I](#pone.0147987.g005){ref-type="fig"}), higher soil respiration in clipping than in enclosure in 2012 ([Fig 5J](#pone.0147987.g005){ref-type="fig"}), and no difference in 2010 ([Fig 5G](#pone.0147987.g005){ref-type="fig"}), which led to no overall change in soil respiration under clipping, compared to that in enclosure plot. In addition, annual clipping has little impact on soil respiration because the removal of aboveground biomass is counteracted by more C allocation belowground ([Fig 3](#pone.0147987.g003){ref-type="fig"}). Root respiration is only slightly impacted because carbohydrate reserves sustains root metabolism. Furthermore, microbial respiration responds strongly to short-term changes in assimilate supply by clipping over a short time period \[[@pone.0147987.ref044]\], which explains why no change occur in soil respiration under clipping. Higher soil respiration under clipping than grazing in our study may be attributed to the significant decrease in BNPP under clipping than grazing ([Fig 3](#pone.0147987.g003){ref-type="fig"}). Our results suggest that land management has profound impact on terrestrial ecosystems by altering soil respiration, which are related with plant community productivity and biogeochemical processes \[[@pone.0147987.ref045]\].

The effect of biotic and abiotic factors on soil respiration {#sec015}
------------------------------------------------------------

Grazing significantly reduces the soil respiration rate throughout the plant growing season (May-October) compared with the enclosure ([Table 1](#pone.0147987.t001){ref-type="table"}; [Fig 5G--5I](#pone.0147987.g005){ref-type="fig"}), which is consistent with a relatively long-term experiment in a high grazing-intensity grassland ecosystem in East Asia \[[@pone.0147987.ref010]\]. However, the observation from the present study is contrary to earlier research showing that grazing induced a higher CO~2~ efflux in a tallgrass prairie \[[@pone.0147987.ref016]\]. Low soil respiration in grazing may be mainly due to low soil water content ([Table 1](#pone.0147987.t001){ref-type="table"}), and low ANPP and BNPP in our case ([Fig 3](#pone.0147987.g003){ref-type="fig"}).

The effect of land management on soil respiration varied over the three growing seasons in our studied ecosystem. In 2010, because of precipitation being similar to the long-term MAP, temperature played an important role in determining the net primary productivity and microbial activity under various land management examined. The positive correlations among soil respiration, soil temperature and BNPP ([Fig 8A and 8D](#pone.0147987.g008){ref-type="fig"}) support the hypothesis that soil temperature regulates spatial variation of soil respiration in the semiarid grassland of northern China \[[@pone.0147987.ref031]\]. In the dry growing season of 2011, soil water content was the prevailing control factor on soil respiration during the plant growing season \[[@pone.0147987.ref046]\]. Because of the low precipitation during June--July 2011 ([Fig 2](#pone.0147987.g002){ref-type="fig"}), soil water content was the primary limiting factor for net primary productivity \[[@pone.0147987.ref047]\] and microbial activity \[[@pone.0147987.ref034]\]. Lower soil water content in the plant peak-growing period (August) in grazing compared with ungrazed enclosure plots could have resulted in slow plant growth, thus lower ANPP, BNPP ([Fig 3](#pone.0147987.g003){ref-type="fig"}), which in turn resulted in low root and microorganism respiration. Therefore, the lower soil water content in the grazing plots limited soil respiration. The soil gravimetric water content, ANPP and BNPP were the determining factors for high soil respiration within the enclosure for 2011 ([Fig 8B--8D](#pone.0147987.g008){ref-type="fig"}). In the 2012 growing season, precipitation was relatively abundant over the entire plant growing season ([Fig 2](#pone.0147987.g002){ref-type="fig"}), and the NPP was the main limiting factor for soil respiration ([Fig 3](#pone.0147987.g003){ref-type="fig"}). The high BNPP increased root respiration, resulting in a higher respiration in clipping plots. In addition, the stepwise multiple regression analyses showed that the change of soil respiration could be attributed to BNPP in 2010 and 2012 (2010: 68.8% and 2012: 69.9%). Our results are in agreement with a previous study in the forest ecosystem \[[@pone.0147987.ref009]\], in which the root respiration contributes to 60.4% of total soil respiration. These results are also in agreement with findings from other ecosystems \[[@pone.0147987.ref023], [@pone.0147987.ref048]\]. Our results highlight the importance of soil temperature, soil water content and plant community production (above and below) in regulating the responses of soil respiration to grazing, clipping, and enclosure.

Roles of temporal variation in precipitation {#sec016}
--------------------------------------------

The timing of precipitation is crucial to determine the seasonal soil respiration in the studied temperate steppe, and this result is consistent with those widely observed in other temperate semiarid ecosystems \[[@pone.0147987.ref024]\]. The seasonal soil respiration between land managements could largely be explained by the variation in seasonal precipitation. In the 2011 dry growing season (226.7 mm), soil water content was the dominant controlling factor on soil respiration during the plant growing season \[[@pone.0147987.ref046]\]. Because of the accumulation of precipitation during June--July ([Fig 2](#pone.0147987.g002){ref-type="fig"}), soil water content was the primary limiting factor for net primary productivity \[[@pone.0147987.ref034]\] and microbial activity \[[@pone.0147987.ref049]\]. Inorganic sources and soil microbial activity are physically displaced and released during the dry period because of large amounts of CO~2~ stored in the air spaces \[[@pone.0147987.ref050]\]. In the wet year of 2012 (511.7 mm), the increasing soil respiration under different land management may have occurred when the liberated carbon held in large pools of soil carbonates was pulsed by increasing precipitation \[[@pone.0147987.ref050], [@pone.0147987.ref051]\] and soil rewetting rapidly increased decomposition processes of readily available carbon accumulated during previous dry periods by enhancing microbial C available for soil organic matter \[[@pone.0147987.ref052]\]. Our results show that the interannual variation in soil respiration and seasonal precipitation demonstrate the same variation tendency (Figs [2](#pone.0147987.g002){ref-type="fig"} and [5](#pone.0147987.g005){ref-type="fig"}) \[[@pone.0147987.ref053]\], the large rainfall (511.7 mm) is associated with higher soil respiration (2.17 μmol.m^−2^.s^−1^) in 2012, whereas low rainfall (226.7 mm) is associated with lower soil respiration (1.42 μmol.m^−2^.s^−1^) in 2011. In addition, adding water to the soil crust (2 mm) and to the crust and subsoil (50 mm) to mimic large precipitation events (\> 50 mm), may lead to an increases in soil respiration as it increase microbial activity in the Kalahari Desert of southern Africa \[[@pone.0147987.ref054]\]. Our results show that large precipitation events, such as the 178.1-mm event in July, 2012, stimulate large, discrete pulses of soil respiration, supporting the findings of previous studies \[[@pone.0147987.ref055]\]. These results highlight the importance of precipitation amount and pattern in determining the seasonal and inter-annual variation patterns of soil respiration.

Conclusions {#sec017}
===========

Soil temperature, soil water content and plant community primary production (ANPP and BNPP) are important factors in regulating the changes in soil respiration of temperate grassland under different management. The higher soil temperature, soil water content and NPP under enclosure protection has higher soil respiration than that under grazing use. Soil respiration is reduced by grazing as the management reduced soil moisture and inhibited plant production. Compared with the grassland in grazing treatment, clipping significantly increase BNPP when water limitation is weak. Precipitation plays a vital role in regulating land management effects on soil respiration. These findings help to improve our understanding of soil respiration under different land management in semiarid grassland ecosystems.
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